The study investigates the effectiveness and mechanism of the adsorption of malachite green from single and mixed dyes aqueous solutions by an adsorbent prepared from acid-treated Parkia biglobosa sawdust. The adsorbent was characterized using different techniques, and the adsorption was conducted in single, binary, ternary and quaternary dye systems under different experimental conditions. Experimental results were subjected to different isotherm and kinetics models. The adsorption process was endothermic and thermodynamically feasible with the removal efficiency increasing with increase in adsorbent dosage, solution working pH, initial dye concentration and contact time. The rate of sorption of the dye was fast; it attained equilibrium within 180 min in both the single and mixed solute systems. Pseudo-second order model gives the best kinetics fit (R 2 = 0.998). The adsorption isotherm in all solute systems have best fits for the Temkin model (R 2 > 0.96).
INTRODUCTION
Industrial processes generate wastewaters that may have a large amount of different types of dyes which are potentially toxic and even carcinogenic when discharged into the environment without any prior treatment. They are also aesthetically displeasing and are therefore harmful to plants and animals, including human beings 1 . Hence, the need to remove organic dyestuff from effluents becomes environmentally important 2 .
Among the numerous options for wastewater treatment, adsorption (coagulation and flocculation, membrane filtration, biological treatments, adsorption, advanced oxidation processes) is considered a promising technology 3 . Though, adsorption in multi-adsorbate systems have been investigated 4 , there have not been reports on adsorption of a dye from quaternary mixture of basic dyes, especially using acid-treated sawdust of locust bean tree (Parkia biglobosa). However, studies on the sorption of a basic dye and acid blue 161 respectively, from ternary dye mixture by this sawdust (in its raw, chemically untreated form) have been reported 5, 6 .
Methodology

Collection of Sawdust, Preparation and Characterization of Adsorbent
Sawdust of Parkia biglobosa, a common agro-forestry by-product in wood industries, is the precursor of the adsorbent used in this research. It was collected from a plank industry and market in Ogbomoso, Nigeria. The raw sawdust was sieved with 10-20 mesh and treated with concentrated H 2 SO 4 acid in ratio 1:1 (W/V). It was then activated in an electric oven at 160 o C for 15 hours. Excess acid on the adsorbent was washed off with NaHCO 3 solution (5% W/V), then with distilled water until a constant pH was obtained. It was then stored in an air tight container as acid-modified sawdust (AMS) adsorbent. Infrared Spectroscopy, Elemental Diffraction X-ray Spectroscopic method (EDS) and Scanning Electron Microscopy were employed to characterize the adsorbent.
Preparation of Wastewater
Wastewater used in this study was an aqueous solution of a mixture of four basic dyes (methylene blue, crystal violet, rhodamine B and malachite green). Malachite green (MG), with the wavelength of maximum absorbance (λ max ) of 616 nm, was the analyte. A 1000 mg/L stock solution of each dye was prepared; working solutions of different concentrations were subsequently prepared from the stock.
Adsorption Processes
Experiments to determine the adsorption capacities of the adsorbent were all carried out in batch mode at different experimental conditions. The effect of pH was analyzed by manipulating the pH between 2 and 10. Effects of some other parameters [adsorbent dosage (0.1 g -1 g), time (5 -300 min), temperature (30 -60 o C) and initial dye concentration (10 mg/L -100 mg/L)] were also investigated. A 30 ml volume of the dye mixture solution in a glass bottle was shaken with a known mass of AMS in a mechanical shaker for a predetermined length of time. The adsorbent-dye suspension was then filtered and the absorbance of the filtrate was taken at the wavelength of malachite green for residual dye content. The amount of dye removed is calculated in percentage as Removal efficiency (% R):
C o is the initial concentration of dye (before adsorption) and C e is the concentration at equilibrium (after adsorption) (mg/L); m is the mass of AMS (g); V is the volume of dye solution (L).
Adsorption isotherms
The results of equilibrium experiments were subjected to six isotherm models to determine which of them would give the best fit.
Langmuir Isotherm
The linear equation of Langmuir isotherm model used is :
Where C e is the equilibrium concentration of adsorbate (mg/L), q e is the amount of adsorbate absorbed per unit mass of adsorbent (mg/g), q o and b are Langmuir constants related to monolayer adsorption capacity and affinity of adsorbent towards adsorbate, respectively. 7, 8 The dimensionless equilibrium parameters 'r' is given as:
(4)
Freundlich Isotherm
The linear form of Freunlich isotherm is:
K f is a constant that rough indicates the adsorption capacity related to the bond energy, and 1/n points to the adsorption intensity 9,10 . If 1/n is lesser than 1, the adsorption is favourable but if it is greater than 1, the adsorption is unfavourable 11 .
Temkin Isotherm
The Temkin isotherm is as follows: 12 :
q e is the amount of adsorbate removed at equilibrium (mg/g); C e is the concentration of adsorbate at equilibrium; T is temperature (Kelvin); A T and b T are constants, and R is universal gas constant.
Harkin-Jura Isotherm
The Harkin-Jura model is expressed as (7) q e is the quantity adsorbed at equilibrium (mg/g), C e is the residual concentration of adsorbate at equilibrium, A and B are Harkin-Jura constants.
Harkin-Jura equation considers multilayer adsorption in term of heterogeneity in the distribution of pores 13, 14 .
Dubinin-Radushkevich model
The linear equation of the isotherm is written as:
Where, K is the activity coefficient (mol 2 / J 2 ), e is Polanyi potential, and q m is the maximum sorption capacity (mg/g). e is given by (9) Sorption energy, E, can be evaluated from K thus: E = (2 K) -1/2 (10) q m may also represent the total specific micropore volume of the sorbent or the theoretical adsorption capacity 15 .
The term E is the free energy change associated with the movement of 1 mole of dye from infinity in solution to the adsorbent surface.
Adsorption kinetics
The kinetics of the adsorption process was studied by applying the equations of Elovich, Intraparticle diffusion, Pseudo-first order and Pseudosecond order to the experimental data.
The pseudo-first order equation is written as 16 :
The Pseudo-second order adsorption kinetics model is given as 16 :
Where h is the initial sorption rate. The Elovich Kinetics model is simplified as 17 :
Where α is the initial adsorption rate (mg/g. min), and b is the de-sorption constant (g/mg). The value of 1⁄b indicates the number of available sorption sites, while 1⁄b In (αb) points to the amount adsorbed when ln t is zero.
The Intra-particle diffusion rate model (Weber-Morris equation) 18 is given as follows:
Where, q e is the mass of adsorbate removeded (mg/g), k d is the intra-particle diffusion rate constant and t is the agitation time in minutes. C is the boundary layer thickness.
Error functions
In addition to the usual way of validating kinetics models using the linear regression method, the sum-of-square error (SSE), is also employed in this study to determine the best fitting kinetics 19 .
The error function is given by: (16) Where q e,exp is the sorption capacity obtained experimentally; q e,calc is the sorption capacity eva.uated from the model, and N is the number of data points.
The best goodness-of-fit is given by a model with the highest value of R 2 and the lowest value of SSE 19 .
Adsorption thermodynamics
The adsorption characteristics of AMS were evaluated in terms of three thermodynamics parameters [free energy (DG), enthalpy (DH), and entropy (DS) changes]. They are calculated using the following equations:
Where (18) And,
Where DG (KJmol -1 ) is the free energy change, K 0 is adsorption equilibrium constant, R is the universal gas constant, q e is the amount of adsorbed and T is the absolute temperature (K),
RESULTS AND DISCUSSION
Characterization of Acid-modified Sawdust
SEM image showing the morphology of AMS surface is presented ( Fig. 1 ). It reveals several pores on the surface of the adsorbent. Absorption peaks that are attributable to OH, COOH, C = O, C = S, and C = C functional groups, which are potential sites for the attachment of adsorbates, were also recorded in the infrared spectrum of AMS (Fig. 2) . This clearly shows, as with most biomasses, the complexity of the composition of the adsorbent. The elemental analysis of sawdust, as presented in Fig. 3 , shows a high % of carbon (66.77%) which makes it a potentially good adsorbent, and a low level of sulfur which must have been introduced from the modifying agent, concentrated sulphuric acid. 
Effects of AMS Dose
The effect of AMS dose on the sequestration of malachite green from single, binary, ternary and quaternary solutions was studied by applying the dose in the range of 0.1 g -1 .0 g in 30 mL of 50 mg/L solution, at constant pH, contact time, concentration, and temperature) constant. As depicted in Fig. 4 , the percentage removal of malachite green increases with increasing dose of the adsorbent. The increase was more rapid in the adsorbent dose range of 0.1 -0.6 g, beyond which the rate of increase in the removal reduces. This is more pronounced in the single and binary systems; the least being in the quaternary system. An increase in the sorption with AMS dose may be due to increased surface area and more available adsorption sites. Similar trend in the relationship between adsorbent dose and adsorption of pollutants from wastewater had been reported 20, 21 . 
Effects of pH
In adsorption systems, pH is an important factor as it affects the nature and characteristics of both the adsorbent and the species of the dye present, which eventually affect the uptake of dye 22, 23, 24 .
The effect of pH on the adsorption of malachite green by AMS was investigated at different pHs of the artificial wastewater. The desired pH was obtained by introducing HCl or NaOH solution to the system in various amounts, while other parameters were kept constant at 0.1 g adsorbent dose, 30 mL of 50 mg/L solution at 30 O C. Fig. 5 shows increased adsorption of malachite green with increasing pH until a maximum is reached. For example, an increase in pH from 4 to 6 brought a tremendous increase in the MG adsorption by AMS, but generally, the adsorption is higher in alkaline medium than in acidic environment. It has been reported in the literature that alkalinity enhances the adsorption of electropositive species like methylene blue and malachite green 25 . At low pH, excessive amount of H + in the solution impart positive charges on AMS surface which then repel the cationic dye species electrostatically. This is in line with the reports on the adsorption of methylene blue, methyl red and malachite green which are all cationic dyes 26 . In alkaline medium, there is a decrease in the number of positively charged active sites on AMS due to a decrease in the concentration of H + , coupled with increasing amount of hydroxyl ions in the solution. The AMS surface then becomes effectively negatively charged. There is therefore an electrostatic attraction between the oppositely charged dye species and AMS surface, leading to an enhanced dye uptake. There is also a reduced repulsion between the adsorbent surface and the dye 25 .
due to the swelling of adsorbent pores which allows the penetration of more dye molecules at increased temperature 27 .
Fig. 5. Effects of pH of solution on MG removal by AMS
Effects of Temperature
The percentage of malachite green removed from the wastewater in all the solute systems (single, binary, ternary and quaternary) increased slightly with increasing in temperature. This may be due to an increment in the dye molecules mobility of the as the energy of the system increased with increase in temperature. The increased uptake may also be 
Effects of Contact Time
An increase in contact time brought about an increased MG dye adsorption of for all the dye systems studied. The rate of removal of the dye improved as contact time increased up to certain extent. As contact time is further increased, uptake of dye no longer increase, probably due to complete occupation of the adsorption sites on the adsorbent 28 . At this point, the rates of adsorption and desorption of the dye are equal, and a sort of dynamic equilibrium has been attained. Malachite green was rapidly adsorbed in single, binary, ternary and quaternary solutions within the first 150 min and then gradually until it reached equilibrium at 180 min ( Figure. 7) .
Fig. 7. Effects of Contact time on malachite green adsorption by AMS
Effects of Initial Dye Concentration
There was a general initial increment in the adsorption of malachite green dye onto AMS with increments in the initial concentration up to 60 mg/L with the maximum removal of 98.54%. The curves then formed plateaus after which the adsorption dropped slightly (Fig. 8) . At low initial dye concentrations the ratio of available binding cites to the amount of dye present in the solution is high. This, therefore, gives room for the dye molecules to be adsorbed easily. But, at higher initial dye concentrations, there was a decrease in the percentage removal when the number of binding sites got reduced, and dye the rate of dye sorption slowed down as a result of competition between dyes molecules for the decreasing available actives sites 29, 30 .
Adsorption Kinetics
The kinetics experimental data were fitted to the pseudo-first order, pseudo-second order, Elovich and Weber-Morris models. Rate constants and other kinetics parameters, together with their respective R 2 values are given in Table  1 . It is observed that the values for the four models are very high. The values are of 0.973-0.990 for pseudo-first-order, 0.998 for pseudo-second order, and 0.815-0.845 for Elovich models. Comparing the theoretical and experimentally q e , however, revealed that there is a wide gap between the q e values obtained from the pseudo-first-order model (1.0-1.11 mg/g) and experimental q e values (7.22 -7.35 mg/g) for the eight different adsorbate composition studied (Table 1) . For pseudo-secondorder model, the calculated qe values (7.35-7.47 mg/g) were in close agreement to the experimental values (Table 1) . This, in addition to the high R 2 and low SSE values obtained for this equation, signifies its applicability to the interpretation of the adsorption of malachite green onto AMS being investigated. It, therefore, suggests that that the adsorption of the dye from single, binary, ternary and quaternary dye solutions by AMS takes place through chemisorption. This was also explained in some earlier reports 31, 32 . To further study the mechanism of the adsorption process, the intra-particle diffusion equation of Weber-Morris was plotted. The values, intra-particle diffusion constant (K d ) and boundary layer thickness (C) from this kinetics equation were calculated and listed in Table 1 . For all the dye systems investigated, the plots give straight lines (R 2 : 0.092-0.095) which, however, do not pass through the origin. This is an indication of the involvement of intra-particle diffusion, but other factors such as boundary layer resistance might have contributed to the sorption rate [32] [33] [34] .
Adsorption isotherm
The constants obtained from the five isotherm models considered are presented in Table  2 . Temkin isotherm has the highest R 2 values (0.967 -0.980) for all the eight dye systems studied. This implies that, there is a linear relationship between the heat of adsorption and temperature 35 . Furthermore, Temkin model assumes that the decrease in the heat of adsorption ( H ads ) of all molecules in a layer with respect to increasing coverage is linear.
The maximum monolayer adsorption capacity ranges between 20.00 and 26.32 mg/g. These values are higher than the values given by Makeswari and Santhi 35 for adsorption of malachite green from binary systems (11.76 -20.41 ). The value of r (a dimensionless constant which indicates the type of isotherm) for the systems studied ranges between 0.024 and 0.053. This means that the adsorption is favourable as values greater than one would have implied an unfavourable adsorption, and r equals to zero indicates an irreversible process 37, 38 .
The favourability of the sorption processes was also confirmed by the Freundlich constant, 1/n, which is less than one (0.50 -0.64) for all of them ( Table 2) . A value greater than 1 would have meant the adsorption is unfavourable 26 . The value of E (Energy of sorption) in Dubinin-Radushkevich isotherm is low (0.79-1. 19) , implying that the sorption processes may not involve an ion exchange mechanism as opposed to a higher value of E (> k Jmol -1 ) which would have pointed to involvement of ion-exchange 39 .
Adsorption thermodynamics
The parameters of thermodynamics for the adsorption processes are given in Table 3 . Within the range of temperatures investigated (303 -333 K), the values of DG for all the processes are negative (-2.93 to -8.76 kJmol -1 ), while those of DH are positive (29.10 -42.00 kJmol -1 ). These imply that all the adsorption processes are thermodynamically feasible and are endothermic. There is also increased entropy as values of DS are positive (118.20 -148.62 Jmol -1 K -1 ). Similar results of adsorption thermodynamics have been reported 5, 40 . 
CONCLUSION
The adsorbent has been shown to be highly porous, with high carbon content (66.77%), and various functional groups including hydroxyl, carbonyl and carboxyl which make it a potentially good adsorbent. The adsorption of malachite green increased with increasein the initial pH and temperature of the solution. The isotherms in both the single and mixed dye systems studied are best described by Temkin model with regression coefficient ranging between 0.967 and 0.980. The adsorption of MG onto AMS was defined to be chemisorption by kinetics obeying the pseudo-second-order model and as physiosorption by the value of E (Energy of sorption) of Dubinin-Radushkevich isotherm model, hence it is a co-adsorption. The adsorption processes are thermodynamically feasible, endothermic, and is suspected have occurred by chemisorption mechanism. The adsorbent, therefore, exhibited a promising potential for the treatment of wastewaters containing mixture of dyes.
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